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BicellesMixtures of lipids and detergents are known to formbicelles at certain parameter ranges, but many uncertainties
remain concerning the details of the phase behaviour of these mixtures and the morphology of the formed lipid
assemblies. Here we used nuclear magnetic resonance (NMR) diffusion data in combination with the multivar-
iate processing method speedy component resolution (SCORE) to analyse mixtures of 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) with the relative
concentration q= [DMPC]/[DHPC] = 0.5 at total lipid concentrations ranging from 15 to 300mM.With this ap-
proach we were able to resolve the heavily overlapping mixture spectra into component spectra and obtained
reliable diffusion coefﬁcients for lipid concentrations in the range 15 to 300mM, although at high concentrations
(250–300mM), non-negativity constraints or overfactoringwas required to successfully decompose the data. At
50–300mM total lipid concentration, the radii estimated from the diffusion coefﬁcient of DMPC indicate assem-
blies of the appropriate bicelle size, although small size variations exist, while at lower concentrations the mor-
phology appears to change to larger assemblies. Taken together, the results suggest that for q= 0.5 DMPC/DHPC
mixtures there is a relatively broad concentration range above 50mMwhere bicellesmay reliably be assumed to
adopt the ‘classical’ bicelle morphology. The study clearly demonstrates the usefulness of our approach for accu-
rately determining physical properties of complex mixtures such as bicelles. Both reliable diffusion coefﬁcients
and chemical shifts can be derived from overlapping data. This should prove useful for analysing the behaviour
of other, more complex, lipid mixtures.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Biological membranes are extremely complex systems, composed of
many different types of lipids, packed with proteins, and with physical
properties spanning large scales of length, time, and energy. Overall ex-
perimental investigations of the sub-molecular properties and interac-
tions of all the components in a biological membrane in a native state
is at present not possible, and the current in vitro biomembranemodels
have been constructed from fragmented information based on reduc-
tionist studies with various biophysical and biochemical methods on
different parts of the system. In such studies it is common to use mem-
brane mimetics, controllable lipid/detergent/polar solvent systems in
which it is feasible to investigate, e.g., membrane protein structures
[1–3], lipid segregation in a bilayer [4,5], or translocation of molecules
through a lipid bilayer [6]. A group of such mimetic systems is theC, 1,2-dihexanoyl-sn-glycero-3-
osphocholine; DOSY, diffusion-
n.
erås).bicelles, which are complexes of detergents and bilayer-forming lipids,
ideally in the form of bilayer patches whose edges are stabilised by
the detergents, or bilayer sheets perforated by detergent-stabilised
holes. Bicelles were introduced in the late 1980s [7–10], and have
since been established as a valuable tool, ﬁrst and foremost in nuclear
magnetic resonance (NMR) spectroscopy studies of lipid bilayers and
bilayer-associated biomolecules [11–13]. The phase behaviour of a
bicelle lipid–detergent system depends on the physico–chemical prop-
erties of themolecules in themixture and their absolute concentrations,
the ratio between lipids and detergents – the q-value – as well as on
other parameters such as temperature, ionic strength and pH. For exam-
ple, it has recently been demonstrated that the size of bicelles increase
with temperature [14], although certain properties, such as segregation
of the two components, have been shown to be independent of temper-
ature [14]. Losonczi and Prestegard showed that ionic strength was
important for the stability of aligned bicelles [15], while Struppe et al.
demonstrated that aligned DMPC/DHPC bicelles are stable at a pH
of around 4 to 7 [16]. Moreover, certain high q-value bicelles have
the tendency to spontaneously align with an external magnetic ﬁeld,
and the morphology of such phases have been extensively investigated
[9,17–19]. Depending on their detailed properties, such aligned bicelles
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in solution to weakly orient water-soluble biomolecules, creating op-
portunities to extract structural information with NMR [21]. At lower
q-values (q≈ b1), the lipid-detergent complexes will reorient rapidly
on an NMR timescale; in this regime the assemblies are often referred
to as isotropic bicelles [22] or fast-tumbling bicelles [23], and have
been used to, e.g., study membrane interaction of peptides [24,25], or
to solubilise membrane proteins for NMR studies [26].
The properties of such fast-tumbling bicelles have been investigated
by several groups. Chou and co-workers showed that detergents ex-
change rapidly between assemblies, the size of which depends strongly
on the q-value, and a population of free detergents; [27] van Dam et al.
concluded that at q = 0.5, 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) in-
deed formed disc-like objects, although smaller than predicted by the
ideal bicelle model [28]. This ﬁnding was supported by using a combina-
tion of 31P NMR, ﬂuorescence, dynamic light scattering, and electron mi-
croscopy where the authors conﬁrmed the segregation of lipids and
detergents in DMPC/DHPC mixtures, as well as the discoidal shape of
the assemblies, but concluded that the morphology appeared to change
at phospholipid concentrations below ~130 mM [14]. Luchette and co-
workers also determined from NMR and neutron scattering studies that
disc-shaped objects were formed in DMPC/DHPC mixtures at q-values
ranging from 0.2 to 1.0 [23]. Recently coarse-grained simulations were
used to study the thermodynamic stability of bicelles [29]. Important
questions still remain, however, such as the possibility of a co-existence
of several types of assemblies for low q-value mixtures. The presence of
such assemblies may be masked in NMR studies by the spectral similari-
ties of the lipids, and scattering techniques may not be able to discrimi-
nate between species.
Diffusion NMR is a powerful way to analyse the relative sizes of spe-
cies in solution [30]. The size information is typically probed through a
pulsed ﬁeld gradient stimulated echo experiment, where signal intensity
is a function of gradient pulse strength and diffusion rate. The formof the
signal decay for unrestricted diffusion follows some form of the Stejskal–
Tanner equation [31,32] S(g)=S0e−Dδ
2γ2g2Δ′ where S(g) is the signal am-
plitude, S0 is the amplitude in the absence of diffusion, D is the diffusion
coefﬁcient, δ is the gradient pulse duration, γ is the magnetogyric ratio,
g is the gradient amplitude, andΔ’ is the diffusion time corrected for dif-
fusion during the gradient pulses.
A popular way to process such data is diffusion-ordered spectrosco-
py (DOSY) [33,34], where each signal is ﬁtted individually to the decay
function and the result is presented as a 2D plot with chemical shift in
one dimension and diffusion coefﬁcient in the other. In its simplest,
and most common form, each signal is ﬁtted to a single exponential in
the High Resolution (HR) DOSY approach. In HR DOSY, differences of
1% or less in diffusion coefﬁcients can be measured, but that assumes
that the resonances are well resolved in the spectrum. Unfortunately
this is the exception rather than the rule, and when signals overlap the
ﬁtted diffusion coefﬁcient is a compromise value of the species involved
[35]. This is certainly the case for the bicelle mixtures, where most of
the signals originating from DMPC and DHPC are almost perfectly over-
lapped. A logical extension is to ﬁt a sumof exponentials (or even a distri-
bution), but that demands high signal-to-noise ratio and the absence of
systematic errors [36,37]. A better strategy is often to usemultivariate de-
composition of the experimental data. Several multivariate approaches
are available [38–44], all of them in someway utilising the global proper-
ties of the data, i.e., that all spectral signals from a particular species
should have the same diffusion behaviour. These methods are useful for
decomposing data fromheavily overlapped signals stemming fromdiffer-
ent molecular species, or from the same type of molecule in different en-
vironments. For the bicelle samples, most of the lipid spectra are typically
overlapped to a large degree,whichmakes it difﬁcult tomeasure diffusion
for the two types of molecules, DMPC and DHPC, in the sample. Themain
advantage of the decomposition approach is that it gives both spectral in-
formation and diffusion coefﬁcients for multiple components in a systemwith severely overlapping spectra. Such overlap effectively prohibits the
use of the standard DOSY method, while some alternative approaches
are non-trivial due to, e.g., the inherent uncertainties in ﬁtting multi-
exponential functions to noisy data [45].
Among the multivariate decomposition approaches are the CORE
[38] and more recently SCORE [46] methods that use an estimation
strategy tailor-suited for NMR diffusion data, which is ﬁtted with a
pre-deﬁned function (usually some form of exponentially decaying
function), in an iterative loop. Among the advantages of the SCORE
method are its speed and robustness [46].
In this study we therefore used the SCORE method [46], a multivar-
iate decomposition algorithm based on the CORE method originally
proposed by Stilbs [38], to investigate the behaviour of DHPC/DMPC,
q = 0.5, mixtures as well as pure DHPC samples, at 25 °C and as a func-
tion of total lipid/detergent concentration. Although near the transition
temperature, at 25 °C DMPC in DMPC/DHPC mixtures maintains a ﬂuid
phase [47], and several investigations of bicelles have been performed
at this temperature [47–49]. Moreover, higher temperatures increase
the risk of convection in the sample, requiring special precautions to
be taken in order to avoid artefacts in the diffusion coefﬁcient estimates
[50,51]. Our results suggest that DMPC is located only in bicelles, and
that the size of these bicelles is similar over concentrations between
50 and 300 mM, a wider region than has previously been suggested.
There are no indications of a co-existing population of DHPC micelles, or
any other particle species. Furthermore, SCORE decomposition of the
data allows the estimation of chemical shift values for several nuclei in
the lipid molecules, providing information of the chemical environment
in different positions of the bicelles.Moreover, we demonstrate that accu-
rate diffusion and chemical shift data can be obtained for individual
bicelle components, without the need for, e.g., deuteration of lipids.
2. Experimental section
2.1. Preparation of bicelles and DHPC micelles
Unlabelled 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC)
was used as the short-chained phospholipid detergent in the prepara-
tion of phospholipid bicelles, while 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) provided the bilayer part of the bicelles. All
lipids were obtained from Avanti Polar Lipids (Alabaster, AL, USA) and
used without further puriﬁcation.
Fast-tumblingDMPC/DHPC bicelleswith q=0.5 (q equals themolar
ratio of lipids and detergents, e.g. q = [DMPC]/[DHPC]), were produced
by mixing DMPC (powder) with sodium phosphate buffer at pH 5.7
(prepared from a 100 mM buffer stock, lyophilised and resuspended
in D2O) giving an inhomogeneous slurry that was vortexed and subject-
ed to an ultrasonic bath for a few minutes. A suitable amount of a 1 M
deuterated aqueous solution of DHPC was added to the mixture to ob-
tain a samplewith a total lipid ([PC] ≡ [DMPC]+ [DHPC]) concentration
of 300 mM, and a buffer concentration of 20 mM. This mixture was
subjected to several cycles of gentle heating from room temperature
to 37 °C combined with vortexing and immersion in an ultrasonic
bath, until a clear non-viscous solution was obtained. From this
300mMmixture, a 500 μl NMR samplewas prepared. Lower concentra-
tion samples were obtained by subsequent dilution of this sample with
20 mM deuterated sodium phosphate buffer.
For the DHPCmicelle samples, a 1 M deuterated aqueous solution of
DHPC was diluted with 100 mM deuterated sodium buffer stock solu-
tion and H2O to obtain a sample with 150 mM DHPC in 20 mM buffer
and the sample was subjected to vortexing. Lower concentration sam-
ples were prepared from this sample by dilution.
2.2. NMR spectroscopy
Translational diffusion measurements were carried out on a Bruker
Avance spectrometer (Bruker Biospin, Fällanden, Switzerland), equipped
Fig. 1. A) Chemical structures of DHPC and DMPC, together with chemical group nomen-
clature. Black dots represent carbon atoms. B) Assigned 1H NMR spectrum of a solution of
q = 0.5 DHPC/DMPC mixture, at a total concentration of 300 mM. The asterisk (*) indi-
cates the residual HDO peak.
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(600 MHz 1H frequency) at 25 °C for all samples. A standard sample
consisting of 0.01% H2O in D2O and 1 mg/ml GdCl3 was used for gradient
calibration at 25 ˚C. Experiments were performed using the DOSY
Oneshot pulse sequence [35,52]. For the diffusion-encoding gradient
pulses, an imbalance factorα=0.2was used, together with diffusion de-
lays Δ= 200–500 ms, diffusion-encoding pulse widths δ= 1.5–4.5 ms,
and 16 gradient strength levels ranging from 10 to 80% of the maximum
gradient strength (55 G cm−1) in equal steps of gradient strength
squared. 32–128 scans were recorded for each gradient strength using a
0.7 s acquisition time. The recycle delay was set to 3 s.
1D experiments with pre-saturation of the H2O resonance were re-
corded for 1H with 32 scans and 16,384 complex points acquired in
1.36 s, and a sweep width of 10 ppm. For 31P, 1D experiments were re-
corded with 64 scans, in each scan collecting 2048 complex points in
0.42 s for a sweep width of 10 ppm, and with decoupling of 1H during
acquisition. The position of the buffer phosphate peak in the 31P spectra
of the different sampleswas virtually unchanged, indicating that the pH
remained constant throughout the sample series,
All spectra were processed and analysedwith the DOSY toolbox [53]
for Matlab (www.mathworks.com). 1D experiments were zero-ﬁlled to
32 k real points and multiplied with an exponential window function
corresponding to a 1 Hz line broadening before Fourier transformation
(DHPC samples) or used without apodisation (DHPC/DMPC samples).
Diffusion experiment spectra for all samples were zero-ﬁlled to 16 k
real points, and, if nothing else is stated, multiplied with an exponential
window function corresponding to a 2 Hz line broadening before Fourier
transformation. The phase was adjustedmanually, using the same values
for all 1D spectra within a diffusion experiment. For the DOSY analysis,
diffusion coefﬁcients were estimated by ﬁtting the decay of peak intensi-
ties to a mono- or bi-exponential function [31,54].
3. Results
3.1. General features of DHPC and DMPC spectra
Large parts of the chemical structures of DHPC and DMPC are iden-
tical, the difference between the two molecules being the number of
CH2 groups in the acyl chains. Correspondingly, the 1H NMR spectra of
the two molecules are highly overlapping. A mixture spectrum of the
two molecules at a total concentration of 300 mM is shown in Fig. 1,
where the peaks are assigned based on previous reports [55,56] as
well as theoretical predictions. The ﬁgure also serves to explain the
chemical nomenclature that is used in this report.
For all DMPC/DHPC mixtures discussed here, we have assumed that
the bilayer-forming DMPC does not exist at a signiﬁcant concentration
as free monomer in solution, while a speciﬁc amount of DHPC always
exists in free, monomer form [57]. In systems containing only DHPC
this amount of DHPC monomer, usually taken as independent of total
DHPC concentration, is known as the critical micelle concentration
(cmc).
3.2. Analysis of DHPC
1H NMR diffusion experiments were performed on solutions of
DHPC at different concentrations ranging from 150 mM to 5 mM. The
acyl-CH3 protons, the methyl groups at the end of the acyl chains,
gave rise to a multiplet pattern at around 0.8 ppm. The observed multi-
plet was a near superposition of two triplets (Fig. 2) – the two acyl-CH3
groups in DHPC are not equivalent. Below the cmc (14 mM [27,57]) the
chemical shifts were very similar so below 15 mM the triplets were
almost completely overlapping. When above the cmc the difference in
chemical shift was more pronounced [55].
The diffusion data (Table 1) ﬁt well with amodel inwhich detergent
molecules in solution form micelles above a certain concentration, the
critical micelle concentration. Above the cmc, DHPC molecules are infast exchange between free and micelle-bound fractions as evidenced
by all CH3 signals showing the same diffusion coefﬁcient, so the chemi-
cal shifts observed are a weighted average between free and bound
form. At higher concentration the peaks broaden, likely due to faster
T2 relaxation in the micellar environment as a consequence of more re-
stricted dynamics and slower tumbling.
The diffusion coefﬁcient for each DHPC sample was observed to in-
crease with decreasing detergent concentration, and reach a plateau
value of 3.7 × 10−10 m2 s−1 for concentrations at or below 15 mM, as
shown in Table 1. Since the observed diffusion coefﬁcient. Df, is a
weighted average of the diffusion of DHPC micelles and DHPC in free
form, the observed diffusion at low concentrations correspond to the
(unobstructed) diffusion of free DHPC molecules, Df0, while above the
cmc the diffusion coefﬁcient of free DHPC needs to be corrected for ob-
struction effects: [58]
Df ¼ D0f = 1þΦ=2ð Þ: ð1Þ
Here Φ is the volume fraction of the micelles. Under these assump-
tions, following the analysis of Chou et al. [27] a cmc may be estimated,
and was here found to be 13.5 mM.
3.3. Analysis of DHPC/DMPC mixtures
A DOSY analysis based on the resolved acyl-CH3 peaks from DHPC
andDMPCwas sufﬁcient to obtain the two sought diffusion coefﬁcients:
DDHPC andDDMPC for all samples (Table 2 and Fig. 3). In the concentration
range [PC] = 25–300 mM, the DMPC and the DHPC peaks were best
ﬁtted to mono-exponential decay functions, indicating that the DMPC
and DHPC molecules, i) only participate in one type of complex, ii)
Fig. 2. 1H NMR spectra of the acyl chain methyl groups for DHPC solutions at concentrations from 5 to 150 mM.
Table 2
Diffusion coefﬁcients from DOSY analysis and SCORE decomposition for q = 0.5 DHPC/
DMPC mixtures.
c [mM] DDOSY [10−10 m2 s−1]a,b DSCORE [10−10 m2 s−1]b,c
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change slowly between complexes with very similar diffusion coefﬁ-
cients (and very similar chemical shifts). For DMPC, the ﬁrst situation
is the most likely, while DHPC is probably in fast exchange between a
free form and bicelle-bound, as discussed earlier. At 15 mM the peaks
are too overlapping to ﬁt individually, but a reliable bi-exponential ﬁt
to the aggregate peak was possible. All ﬁtted diffusion coefﬁcients are
shown in Table 2.
At very low concentrations, 25 and 15 mM, the DHPC diffusion coef-
ﬁcient increased further while the DMPC value decreased, as can be
seen in Table 2. The decrease in diffusion coefﬁcient of DMPC was
accompanied by a drastic broadening of the lines, as described in
more detail later.Table 1
DOSY diffusion coefﬁcients for DHPC.
[DHPC] [mM] DDHPC, vaa [10−10 m2 s−1]b
5 3.73 ± 0.03
10 3.71 ± 0.04
15 3.68 ± 0.04
20 3.07 ± 0.01
25 3.06 ± 0.02
35 2.28 ± 0.01
50 2.08 ± 0.00
75 1.72 ± 0.00
150 1.17 ± 0.01
a Viscosity adjusted diffusion coefﬁcients. Corrected for differences between
the apparent diffusion coefﬁcients of H2O in PC samples and a calibration
sample (1% H2O in GdCl3-doped (0.1 mg/ml) D2O).
b Standard deviations are from the estimated diffusion rates of the γ, β,
g1, g2, acyl-CH2 and acyl-CH3 peaks, where applicable.Under the assumption that DHPC only exists in free and bicelle-
bound form and neglecting obstruction effects, the fraction of free
DHPC in each sample, ff, may be readily estimated through:
DDHPC ¼ f f Df−Dbic
 þ Dbic: ð2ÞPC DMPC DHPC DMPC DHPC
15 0.31 ± 0.01 2.79 ± 0.02 0.24 2.78
25 0.50 ± 0.02 2.27 ± 0.02 0.50 2.27
50 0.52 ± 0.01 1.57 ± 0.02 0.51 1.54
75 0.54 ± 0.01 1.21 ± 0.02 0.54 1.26
100 0.56 ± 0.01 1.07 ± 0.01 0.56 1.10
150 0.53 ± 0.01 0.89 ± 0.01 0.52 0.90
200 0.55 ± 0.01 0.82 ± 0.01 0.55 0.83
250 0.50 ± 0.01 0.71 ± 0.01 0.48d 0.75d
300 0.50 ± 0.01 0.67 ± 0.01 0.50e 0.67e
a Tabulated values and standard deviations are from the estimated diffusion rates of the
acyl-CH3 peaks from three different experiments.
b Adjusted for differences between the apparent diffusion coefﬁcients of H2O in PC
samples and a calibration sample (1% H2O in GdCl3-doped (0.1 mg/ml) D2O).
c SCORE.analysis performed on the spectral region from 0 to 4.6 ppm. Tabulated values
and standard deviations are from the estimated diffusion rates from three different
experiments.
d SCORE analysis performed with non-negativity constraints.
e SCORE analysis performed with three components (over-factoring).
Fig. 3.A)DOSY diffusion coefﬁcients (corrected for sample viscosity differences) for DHPC
and DMPC in buffered D2O, plotted against PC volume fraction. B) DOSY diffusion coefﬁ-
cients for samples with PC concentrations 75–300 mM. Fitting of the DHPC data was
done using Eq. (1), and the DMPC data with Eq. (3).
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coefﬁcient of free DHPC, is measured below cmc, and Dbic is taken to be
the DMPC value. These values (collected in Table 3) ranging from 9.5 to
10.1 between 50 and 300 mM (with 15 and 25 mM as outliers with esti-
mated free DHPC concentrations 6.5 and 8.2 mM respectively) may be
compared with an estimated value assuming a constant free DHPCTable 3
Concentration of free DHPC in q = 0.5 DHPC/DMPC mixtures, q = 0.5.
[DHPC] + [DMPC] [mM] cDHPC,free [mM]a
300 9.7
250 9.6
200 10.1
150 9.7
100 9.5
75 9.5
50 9.8
25 8.2
15 6.5
a Calculated assuming that DHPC is in fast (on the diffusion time scale)
exchange between micelles and a population of free DHPC molecules.concentration similar to the cmc in micellar solutions, and assuming the
same type of obstruction for DHPC monomer diffusion. Since the com-
bined results of the spectra (Fig. 3) and the diffusion coefﬁcients
(Table 2 and Fig. 6) suggest a qualitative change in the lipid morphology
somewhere around 50 mM, the amount of free DHPC was estimated by
ﬁtting Eq. (2) to data for concentrations from 75 to 300 mM, excluding
lower concentrations. This gave a concentration of free DHPC of 9.8 ±
0.3mM,which is consistentwith the individual freeDHPC concentrations
obtained from each sample, indicating that the samples may be consid-
ered dilute over the entire concentration range investigated here. These
apparent cmc values may be compared with the 7 mM reported by
Glover et al. [14] for a similar concentration range at 37 °C, and the
micellar cmc of ~14 mM. Using this estimated (constant) free DHPC
concentration, the volume fraction of bicelles can be calculated and
plotted against Dbic = DDMPC, and the following linear equation may
be ﬁtted, as previously described [27,59]:
Dbic ¼ D0bic 1−3:2λΦð Þ: ð3Þ
HereDbic0 is the bicelle diffusion at inﬁnite dilution,λ is a particle type
parameter, taken here to be λ=1 (hard-sphere, non-interacting parti-
cles), and Φ is the volume fraction of the bicelles. The bicelle diffusion
coefﬁcient was in this way found to be Dbic0 = 0.57 · 10−10 m2 s−1, cor-
responding to an estimated hydrodynamic radius of 4.3 nm (assuming
spherical particles in water).
Except for the acyl chain methyl peaks used in the DOSY analysis, all
regions show extensive overlap of the signals from the different molec-
ular species, somonoexponential ﬁtting is not appropriate. The alterna-
tive is to use a bi- (or multi-) exponential ﬁt, but here the differences in
diffusion coefﬁcients were generally too small for a successful ﬁt. In this
case, multivariate methods can be very helpful, exploiting the covari-
ance available as all signals from one species show the same diffusion
behaviour. Here we used the SCORE method [46] to decompose the
data to give the entire component spectra with the ﬁtted diffusion coef-
ﬁcients. In general this was very effective, despite the severe overlap.
The ﬁtted diffusion coefﬁcients, given in Table 2, correspond well to the
ones estimated from the DOSY analysis of the acyl chain methyl group
signals (Table 2). However, at higher concentrations the analysis was
challenging as the two components became increasingly degenerate.
Two remedies for such difﬁcult situations are exempliﬁed here. At
250 mM, performing the analysis under non-negativity constraints, a
trivial assumption for the data measured here, yielded more accurate
diffusion coefﬁcient estimates and reduced cross-talk and phase anom-
alies in the ﬁtted spectra. For the 300 mM sample a two-component
SCORE analysis produced spectra with cross-talk between components,
and diffusion coefﬁcients estimates differing with approximately 15%
from reference (DOSY) values. Here ‘overfactoring’ by using a three-
component ﬁt was more successful, giving two reasonable spectra and
accurate diffusion coefﬁcient estimates for the two major components
and a small (3%) rapidly decaying component that mainly consisted of
a dispersive-looking peak at 3.2 ppm (the γ proton resonance). This ap-
proach is not generally reliable but in fortunate cases overfactoring can
be used to minimise the inﬂuence of systematic errors (by ﬁtting them
in the extra component) caused by imperfections such as temperature
ﬂuctuations, non-uniformity of the gradients [32], or phase differences
in the gradient strength dimension. Some of these problems could
most likely be alleviated by taking extra precautions to remove data
imperfections through, e.g., reference deconvolution [60–62]. However,
in the present studywe chose not to add a reference compound, as com-
mon choices are known to interact with a wide range of biological mol-
ecules, including lipids [63].
For the chemical shift values, the 31P phosphate resonances of DHPC
and DMPC in the 31P spectra, as well as the 1H acyl chain methyl proton
resonanceswere resolved for all PC concentrations except at 15mM, but
for the rest of the 1H spectrum it was virtually impossible to ﬁnd re-
solved lines that could be unambiguously assigned to either of the two
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potentially rich source of chemical information, could not be deter-
mined in a straightforward fashion. As an illustration of the power of
multivariate decomposition to address this problemwe show the ﬁtted
spectra for the heavily overlapped region around 4 ppm, corresponding
to one of the CH2 groups (g3 attached to the phosphate) in the glycerol
part of both DMPC and DHPC for the 300 and 15 mM samples in Fig. 4.
In the low concentration regime [PC] = 15–50 mM, the DMPC re-
solvedmethyl resonance shifted abruptly towards higher ppmwith de-
creasing concentration, while the lines were markedly broadened (not
shown). More importantly, the DMPC and DHPC peaks shifted towards
the same value at lower concentration, which made it impossible to re-
liably determine the DMPC shift value, due to severe overlapwith DHPC
For the lowest concentration, the chemical shift value of the DMPC peak
was therefore estimated from the decomposed SCORE spectrum. The
broadening clearly indicates a change towards larger assemblies, in
which the DMPC molecules are located.
For total amphiphile concentration [PC] = 75–300 mM the DMPC
and DHPC acyl-CH3 resonances were well separated, and the DMPC
acyl-CH3 signal was near constant at 0.78 ppm, as shown in Fig. 5A.
The DHPC multiplet chemical shift, 0.85 ppm at [PC] = 300 mM, de-
creased approximately linearly with decreasing concentration, but
around 50 mM the chemical shift changes became non-linear (Fig. 5A).
Shown in the ﬁgure are also the end-point chemical shift values for a
pure DHPC system, corresponding to monomeric and micellar environ-
ments, as discussed previously. Interestingly, the DHPC methyl proton
shift values had an almost fourfold larger dispersion in the bicellar mix-
ture than for pure DHPC, 25 ppb vs. 7 ppb.Fig. 4. Decomposition of 1H NMR spectra for the phospholipid g3 protons; in q= 0.5 DHPC/DM
The spectra were produced using the SCORE decomposition method.The 31P spectra, displayed in Fig. 5B, showed two resolved singlets at
all PC concentrations, although at 15 mM the relatively low amount of
DMPC, and severe line broadening, rendered the DMPC peak barely
visible, again, in agreement with the observed broadening in the 1H
spectra, indicating larger DMPC-containing assemblies. However, in
this case the chemical shifts for the two species became more different
at lower concentration, which made it possible to separate the two and
to determine the chemical shift also for DMPC. Like for the 1H spectra,
the chemical shift changes for both lipid species were relatively larger
below 50 mM, and both lines were increasingly broadened in this
low-concentration regime, as shown in Fig. 5B. Overall, the DHPC reso-
nance shifted gradually with decreasing PC concentration towards
higher ppm values, while the DMPC chemical shift decreased. For 31P,
the chemical shift values of DHPC approximately followed the values
for pure DHPC samples, as indicated by the lines drawn in Fig. 5B for
DHPC monomer/micelle 31P chemical shifts.
By decomposition we also estimated chemical shift values for two
more sites along the PC molecules, the γ protons of the choline part of
the headgroup, and the already mentioned g3 protons in the glycerol
backbone. The γ proton chemical shifts of DHPC and DMPC, shown in
Fig. 6A, had approximately the same value at [PC] N 100 mM. At lower
concentrations the DHPC shift decreased towards its monomer value,
while the DMPC value exhibited very small changes. The DHPC and
DMPC g3 proton resonances were separated by approximately 7 ppb
at higher concentrations, although both shift values showed a slight
increase with concentration, something that is possibly an artefact
due to the decomposition problems caused by increasingly similar
DHPC/DMPC diffusion coefﬁcients at high PC concentrations. At lowPC mixtures, at two PC concentrations. D: estimated diffusion coefﬁcient [10–10 m2 s−1].
Fig. 5. A) Chemical shifts values for the 1H resonances of the acyl-CH3 groups, for
DHPC/DMPC mixtures as a function of concentration. DHPC monomer/micelle acyl chain
CH3 chemical shift values drawn for reference. B) Chemical shifts values for the 31P reso-
nances of the phosphate groups, for DHPC/DMPC mixtures as a function of concentration.
DHPC monomer/micelle phosphate 31P chemical shift values drawn for reference.
Fig. 6. A) Chemical shift values for the 1H resonances of the γ CH3 groups, for DHPC/DMPC
mixtures as a function of concentration. DHPC monomer/micelle γ CH3 chemical shift
values drawn for reference. B) Chemical shift values for the 1H resonances of the g3
groups, for DHPC/DMPCmixtures as a function of concentration. DHPCmonomer/micelle
g3 CH3 chemical shift values drawn for reference.
2916 J. Björnerås et al. / Biochimica et Biophysica Acta 1848 (2015) 2910–2917concentrations the DHPC chemical shift again changed towards its
monomer value, while the DMPC shift changed appreciably only in
the 25 and 15 mM samples, as shown in Fig. 6B.
The access to the chemical shift values from non-resolved reso-
nances, as well as the opportunity of estimating diffusion from such
parts of the spectrum, demonstrates that SCORE decomposition has
large potential for the analysis of lipid samples. In fact, for all compo-
nents, reasonable spectra and diffusion coefﬁcients could be extracted
even if the analysed region contained no resolved resonances. In general,
both DOSY and chemical shift analysis relies heavily on non-overlapping
spectral regions, which are scarce formost lipidmixtures, and sometimes
non-existing, for example in chain-deuterated lipid samples.
4. Discussion
Mixtures of lipids in aqueous solvents often have a rich phase behav-
iour with self-assembled complexes of various sizes and composition,
and one such type of complex are bicelles, patches of lipid bilayers
edge-stabilised by detergent molecules. Here we have investigated the
properties of bicellar mixtures of long-chain DMPC and short-chain
DHPC molecules as a function of total amphiphile concentration with
diffusion NMR and multivariate (SCORE) decomposition. Based on the
line shapes and chemical shift of the acyl-CH3 peaks in the different sam-
ples, as well as diffusion values, we conclude that in the approximateconcentration range 50–300 mM, the DMPC molecules are contained in
assemblies of the appropriate bicelle size, with a hydrodynamic radius
of approximately 4 nm. The DHPC detergents are in fast exchange be-
tween these assemblies and a ~ 10 mM concentration of free molecules.
It cannot be ruled out that a small population of DHPC micelles coexists
with bicelles and a sub-cmc population of freeDHPC in this concentration
range, but if this would be the case, a fraction of DMPC should partition
into these micelles and give another component in the decomposition
analysis, something we do not see any indications of. Also scattering
and TEM experiments under similar conditions indicate monodispersity
of DHPC/DMPC bicelle mixtures [49].
At the lowest investigated concentrations, 25 and 15 mM, the
marked changes in spectral properties and diffusion of DMPC suggest
that the morphology has changed in a more qualitative way, towards
larger objects. This has recently been indicated to be the case for bicelles
with higher q-values [49].
Using SCORE decomposition to extract chemical shifts from two
spectral regions where the DMPC and DHPC signals overlap unlocks
chemical information about the corresponding sites in the molecules,
the γ protons and the glycerol g3 protons, that can be added to the
values from the resolved resonances, the acyl chain methyls in the 1H
spectra, and the 31P signals from the phosphate groups. Overall, the
chemical shift values, except for the γ protons, are different for DHPC
and DMPC at all concentrations, indicating that the two molecular
types are segregated in the bicelles. A comparison of the DHPC chemical
2917J. Björnerås et al. / Biochimica et Biophysica Acta 1848 (2015) 2910–2917shift values in the bicelles vs. the DHPC micellar system shows that the
gamma and g3 protons, and the phosphate, appear to experience chem-
ical environments that are not very different between the two systems,
while the values for the acyl chain methyl protons are very different in
bicelles compared to micelles, with an almost fourfold greater disper-
sion, and a higher chemical shift value for DHPC in bicellar mixtures
than inmicelles, at high PC concentrations. This suggests that the differ-
ences between the hydrophobic core regions of bicelles andmicelles are
larger than for the interface region in the two systems. An unexpected
result is that the acyl-CH3 chemical shifts for DMPC at very low concen-
trations approaches the DHPC monomer value; this suggests similar
chemical environments, but requires further investigation.
The overall conclusions are two-fold. First we suggest that at this
q-value and temperature, bicelles are the dominating type of assemblies
for samples with total lipid concentrations from around 50 mM up to
300 mM. This indicates that bicelles persist at lower concentrations than
what has previously been reported, for similar bicelles [14,49]. Glover
et al. determined that stable bicelles persist down to at least 130 mM at
37 °C, although similar results were also obtained at 15 °C [14]. The size
as determined from dynamic light scattering (determined at lower tem-
perature)was smaller than in the present study in agreementwith results
indicating that bicelle size is temperature-dependent, and increases with
increasing temperature [49]. Hence, temperature and other factors, such
as the presence of salt and varying pH are important for determining
bicelle stability, but nonetheless, our results indicate that there is a
lower concentration that deﬁnes the limit at which “classical” bicelles
exist.
The second conclusion relates to the important ﬁnding that the pres-
entmethod provides a convenient and robust method to determine dif-
fusion coefﬁcients and other spectral parameters for complex mixtures
of lipids. The decompositionmethod SCORE provides good diffusion co-
efﬁcient estimates for all samples in the concentration range used here,
especially for sampleswith concentrations below 50mM, where the re-
solved acyl-CH3 multiplets start to coalesce. Furthermore, SCORE is able
to provide diffusion coefﬁcient estimates even if the resolved acyl-CH3
peaks are left out of the analysis, meaning it could be used for lipid mix-
ture datawith few or no non-overlapping signals, where standardDOSY
analysis is problematic. Additionally, decomposition provides valuable
spectral information that may be used to give a more complete picture
of the chemical properties of phospholipid mixtures. Overall, this ap-
proach should prove useful also for more complex lipid mixtures with
overlapping signals. In this way the properties of individual lipid species
can be determined without the need for, e.g., deuteration of speciﬁc
lipids.
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